Background. Herpes simplex virus resistance to acyclovir is well described in immune-compromised patients. Management of prolonged infection and recurrences in such patients may be problematic. Methods. A patient with neuroblastoma developed likely primary herpes gingivostomatitis shortly after starting a course of chemotherapy, with spread to the eye during treatment with acyclovir. Viral isolates were serially obtained from separate sites after treatment was begun and tested for susceptibility to acyclovir and foscarnet by plaque reduction and plating efficiency assays. The thymidine kinase and DNA polymerase genes from each isolate were sequenced. Results. Initial isolates from a throat swab, an oral lesion, and conjunctiva were resistant to acyclovir within 13 days of treatment. Subsequent isolates while on foscarnet were initially acyclovir-susceptible, but reactivation of an acyclovir-resistant isolate was subsequently documented while on acyclovir suppression. Genotypic analysis identified a previously unreported UL23 mutation in some resistant isolates. None of the amino acid changes identified in UL30 were associated with resistance. Conclusions. Phenotypic and genotypic antiviral resistance of herpes simplex isolates may vary from different compartments and over time in individual immune-compromised hosts, highlighting the importance of obtaining cultures from all sites. Phenotypic resistance testing should be considered for isolates obtained from at-risk patients not responding to first-line therapy. Empiric combination treatment with multiple antivirals could be considered in some situations.
Infection with herpes simplex virus (HSV) type 1 is commonly acquired in childhood, and the most frequent clinical manifestations of primary infection are gingivostomatitis and/or pharyngitis [1] . In immune-competent patients, these infections are often clinically inapparent and generally resolve without significant sequelae, although a proportion of patients have sporadic recurrent mucocutaneous lesions. Severe or prolonged disease from HSV is of greater concern in immune-compromised populations.
Although many HSV infections do not require chemotherapeutic intervention, most infections may be adequately treated with the nucleoside analogue acyclovir. This is despite the observation that both laboratory strains and clinical isolates of HSV generally contain mixtures of acyclovir-susceptible and acyclovir-resistant virus [2] . For HSV-1, 0.03% to 0.08% of infectious particles have naturally occurring mutations conferring acyclovir resistance [3, 4] . Such mutations are thought to occur at some cost to viral fitness and pathogenicity, including a relative defect in reactivation from neuronal latency [5] .
Clinically significant infections with acyclovir-resistant HSV are, with few exceptions, described in immunecompromised patients [2, 6] . Selection for naturally occurring resistant virus in the absence of an effective immune response can lead to continued replication in these patients. Although such infections are uncommon in immune-competent patients, a recent report suggests a relatively high prevalence of acyclovir-resistant isolates in patients with recurrent HSV keratitis [7] .
We describe an immune-compromised pediatric patient with likely primary HSV infection found to have multiple positive cultures from different sites. We analyze the antiviral susceptibility of multiple isolates from this patient separated both by anatomic site and by time and describe variable acyclovir susceptibility from these isolates. Our study highlights the importance of determining phenotypic antiviral resistance patterns in all isolates recovered from at-risk patients who appear to be failing effective antiviral therapy and suggests that in certain clinical situations combination antiviral therapy may be warranted.
METHODS

Case Report
A 22-month-old patient undergoing treatment for stage 4 neuroblastoma developed mouth sores during an admission for a sixth cycle of chemotherapy. These lesions were initially attributed to mucositis, but the patient required readmission several days after discharge for febrile neutropenia and continued complaints of mouth pain (Figure 1, day 0) . Direct fluorescent antigen testing (MicroTrak, Trinity Biotech) of an oral mucosal swab 5 days later was negative for HSV antigen, but empiric parenteral acyclovir was initiated (10 mg/kg/ dose intravenously every 8 hours). Notably, evaluation 3 months prior in anticipation of possible autologous hematopoietic stem cell transplantation included a normal ophthalmologic examination and serologic studies that were negative for HSV-1 and HSV-2.
Over the next week, fever persisted, right eye injection and conjunctivitis were noted, and vesicular lesions developed on the right cheek (inferior to the lid margin) and left upper chest. Ophthalmologic examination revealed dendritic lesions of the right cornea, and topical trifluorothymidine was initiated (day 7). Cultures sent from the eye, an oral mucosal lesion, and a mouth swab were all positive for HSV-1 (day 19; these are isolates D-1 through D-3). Blood was tested by polymerase chain reaction (PCR) for HSV DNA (Viracor-IBT Laboratories) and was positive at 1100 copies/mL. The persisting symptoms and suspicion of acyclovir-resistant HSV in this patient led to a change in treatment to intravenous foscarnet (40 mg/kg/dose every 8 hours) this same day, with phenotypic resistance testing sent on the initial mouth isolate (D-1) to a commercial laboratory (Focus Diagnostics). While awaiting these results, the dendritic eye lesions resolved, and topical trifluorothymidine was tapered off by day 21. Antiviral treatment was changed on day 24 to acyclovir at a higher dose than previously used (20 mg/kg/dose intravenously every 8 hours). Repeat blood PCR on day 28 was 500 copies/mL. Phenotypic susceptibility testing became available on day 33, and acyclovir resistance was reported for the prior mouth lesion (isolate D-1). This isolate was phenotypically susceptible to foscarnet, which was resumed, and acyclovir was discontinued. Blood PCR was negative for HSV DNA on day 35. Repeat ophthalmologic examination over this time period revealed waxing and waning severity of the right eye dendritic lesions, and trifluorothymidine was restarted on day 24 and ultimately tapered off by day 39. Fever abated, and the patient was discharged from the hospital on day 49, continuing intravenous foscarnet but on no topical ophthalmic medication.
Two days after discharge, the patient's parents noted increased right eye injection and tearing. Ophthalmologic examination on day 53 revealed recurrent dendritiform lesions of the right cornea, and topical trifluorothymidine was restarted. Culture of the eye at this time again grew HSV-1 (isolate D-4), subsequently determined to be phenotypically susceptible to acyclovir and foscarnet. Blood PCR was negative for HSV DNA. Ophthalmologic examination improved significantly after physical debridement of the cornea on day 69 of illness. By day 82 of illness, there was no corneal pathology noted, and topical treatment was discontinued. Parenteral foscarnet was discontinued on day 95.
On day 102 after the initial admission, a tongue lesion was noted at clinic follow-up. Foscarnet was restarted, and culture of the lesion was subsequently positive for HSV-1 (isolate D-5). Corneal examination remained normal. This isolate was phenotypically susceptible to acyclovir, which was resumed (10 mg/ kg/dose intravenously every 8 hours). On day 153, eye symptoms, including corneal injection and periocular swelling, recurred, and HSV-1 with phenotypic resistance to acyclovir was cultured (isolate D-6). Topical trifluorothymidine was resumed, another debridement procedure was completed on day 157 of the illness, and improvement in symptoms and ophthalmologic examination was noted by day 168. Resolution of symptoms also corresponded with sustained lymphocyte numbers of above 1000 cells/μL ( Figure 1 ). The patient has remained on suppressive oral acyclovir (20 mg/kg/dose 3 times daily) since this time with no further HSV recurrences over >4 months.
Cells and Virus Isolates
Vero cells were cultured in Dulbecco's modification of Eagle's (DME) medium plus 10% fetal bovine serum and 1% penicillin-streptomycin and were used for the propagation of the virus. Plaque titrations were performed on Vero cells by standard methods.
Serial patient HSV-1 isolates are designated D-1-D-3 (respectively isolated from an oral mucosal lesion, an eye swab, and an oropharyngeal swab on day 19), D-4 (isolated from an eye swab on day 53), D-5 (isolated from a tongue lesion on day 102), and D-6 (isolated from the eye on day 153). Initial hospital laboratory isolates were grown on MRC-5 cells; stocks from these isolates were prepared and titered on Vero cells. These limited passage stocks were used for all subsequent assays. Control strains included the laboratory strain KOS (used as a negative control for acyclovir resistance), the acyclovir-resistant strain I-309 ( provided by B. Roizman, [8] ), and the Tables 1-4 of this manuscript reflect testing in our laboratory, although, as noted above, the initial acyclovir resistance testing of isolate D-1 was done by a commercial laboratory. A plating efficiency assay was used to determine the approximate percentage of each patient isolate resistant to a given drug [3] . Vero cells were grown to confluency on 6-well plates, and serial 10-fold dilutions of virus were inoculated onto cells. After 2 hours, the inoculum was replaced with DMEV containing 0.5% methylcellulose and either no drug, 22 µmol/L (5 µg/mL) acyclovir, or 667 µmol/L (200 µg/ mL) foscarnet. Each condition was done in duplicate wells. Plaques were counted 2-3 days later, and frequency of resistant variants was calculated as (virus titer in presence of drug)/(virus titer in absence of drug). The percentage of resistant variants is 100 × (frequency of resistant variants).
DNA Sequencing
Viral DNA was isolated from working stocks according to manufacturer's instructions (Roche HighPure viral nucleic acid kit). Overlapping primer sets spanning the HSV-1 UL23 and UL30 genes (encoding viral thymidine kinase and DNA polymerase, respectively) were used to amplify these genes in each isolate (see Supplementary Material for primer sequences). Polymerase chain reaction products were sequenced bidirectionally and compared to the reference sequence from HSV-1 strain 17 (GenBank accession number NC_001806.1).
RESULTS
Resistance of Clinical Isolates to Acyclovir
Herpes simplex virus type 1 isolates from an oral mucosal lesion, a swab sample of the right eye, and an oropharyngeal swab (D-1, D-2, and D-3, respectively) were phenotypically resistant to acyclovir 13 days into treatment ( Table 1) . Sequencing of the UL23 gene determined that these isolates were identical at both the amino acid level (Table 2) and at the nucleotide level (not shown). Relative to the reference sequence for HSV-1 strain 17, 13 nonsynonymous base-pair changes resulting in amino acid sequence changes were identified. Ten of these have been previously described and are not associated with acyclovir resistance. One (R41H) has been previously reported in both sensitive and resistant isolates [12] [13] [14] [15] [16] [17] [18] , but whether this mutation has any role in resistance is not clear. Two mutations (A93V and Q261R) have not been previously reported as amino acid changes in either acyclovir-susceptible or -resistant strains (confirmed by searching GenBank). These occur outside the highly conserved regions of thymidine kinase, which include the adenosine triphosphate and nucleoside binding sites [19, 20] . Interestingly, the Q261R amino acid change is homologous to the same region of the HSV-2 thymidine kinase gene (based on the HG52 sequence, GenBank accession #NC_Z86099). It is therefore unlikely that this change is associated with acyclovir resistance. Notably, the A93V mutation was seen only in the 3 initial resistant isolates and not in the subsequent susceptible isolates D-4 and D-5.
Resistant isolate D-6 also did not have the A93V mutation, but it was found to have the thymidine kinase mutation A189V, which has been previously associated with acyclovir resistance [14, 16, 20, 21] .
Resistance of Clinical Isolates to Foscarnet and UL30 Sequencing
All clinical isolates were phenotypically susceptible to foscarnet (Table 3) , and the frequency of resistant mutants remained low for these isolates despite the prolonged treatment with foscarnet. UL30 sequences from all clinical isolates were identical, and 5 nonsynonymous nucleotide changes were identified (Table 4 ). All amino acid changes identified were outside the regions of high DNA polymerase Determined by plating efficiency assay as described in "Methods." P1199L is not previously reported, but P1199Q has been noted to be a naturally occurring amino acid change not associated with resistance [12] .
homology among Herpesviridae [12, 20, 22] . Of these, 4 have been previously reported as natural amino acid changes, and the P1199L amino acid change is at a site previously noted to have a different amino acid change not associated with resistance (P1199Q) [12] . This observation, combined with our observation that the P1199L amino acid change was found in both acyclovir-resistant and -susceptible isolates, suggests that this change is unlikely to be functionally significant from an antiviral standpoint.
DISCUSSION
We describe the rapid selection for acyclovir-resistant HSV during treatment of likely primary HSV-1 infection in an immune-compromised patient in association with a previously undescribed amino acid change (A93V) in viral thymidine kinase. This strain was isolated from multiple sites within 2 weeks of initiation of antiviral treatment, but subsequent recurrences over the next 4 months were found to involve susceptible isolates. An ocular recurrence 5 months after initial infection was again phenotypically resistant, containing a different UL23 amino acid change (A189V) previously associated with resistance. Functional thymidine kinase assays using proteins with directed mutations are needed to validate the roles of both the A93V and A189V mutations in acyclovir resistance (eg, [23] ). Relatively rapid selection of resistant virus during therapy has been described after neonatal infection [24, 25] and in a pediatric patient with severe combined immune deficiency [26] . However, the majority of prior reports of resistance have occurred in the setting of prolonged and/or intermittent treatment with acyclovir for either recurrent or recalcitrant disease (reviewed in [2, 27] ) and are largely concentrated on adult populations. An additional consideration in pediatric relative to adult patients is the increased likelihood of primary infection, as was suspected in this case. Although several decades of widespread acyclovir use in human populations have not been found to increase the background rate of acyclovir resistance [2, 28] , there is likely to be increased peripheral and systemic replication of virus in individuals after primary infection (relative to reactivation), particularly in immune-compromised patients. Evidence for this is the detection of viremia even in immune-competent patients with primary or first clinical episode infection [29] [30] [31] , which is not seen in otherwise healthy patients with HSV reactivation [31] . Our patient had prolonged systemic replication during treatment, with measureable DNAemia persisting >21 days after initiation of acyclovir. Given the low background rate of acyclovir resistance in HSV, it is quite unlikely that our patient had primary infection with a resistant strain, although such an occurrence has been described [32] [33] [34] . In those cases, primary infection with resistant virus was thought to have been acquired from an immune-compromised contact; our patient did not have a known contact with an individual who had HSV lesions prior to the presentation described in this report.
Selection of resistant virus by antiviral pressure prior to control of replication may have implications for latency and recurrence, likely increasing the chance that infected neurons may harbor resistant virus and compromising or confusing treatment choices after any subsequent reactivations. This is illustrated in our case with the oral reactivation on day 102 (D-5), which was treated with foscarnet pending phenotypic resistance testing, results of which can take several weeks to obtain. We also noted reactivation of an acyclovir-resistant strain in the eye on day 144 (D-6), for which acyclovir was continued. This reactivation resolved despite continuation of acyclovir, likely due to corneal epithelial debridement to reduce the overall amount of virus in the eye and in part to topical trifluorothymidine. Improvement in patient immunity may have also played a role (the increased lymphocyte count noted following recovery from the last cycle of chemotherapy may also have been accompanied by improved lymphocyte function, Figure 1) ; however, specific antiviral immunity (including seroconversion) was not assessed in this patient after apparent control of this infection.
The difficulty of treating acyclovir-resistant ocular disease is also highlighted by our case. Acyclovirresistant keratitis is common even in immunecompetent patients and has been attributed to frequent and chronic treatment with topical acyclovir [7, 16] . These studies also noted that ocular recurrences may have variable resistance patterns at different times in the same patient, as we observed in this report (ocular isolates D-2, D-4, and D-6). In addition to supporting prior observations that acyclovir-resistant virus is capable of reactivating in humans, our case suggests the possibility that limited penetration of corneal tissue and/or trigeminal ganglia by antivirals and perhaps also surveilling anti-HSV lymphocytes may increase the chances of reactivation of a resistant clone of virus.
From a clinical standpoint, our case also illustrates understudied aspects of the treatment of HSV infection in compromised patients. Current treatment regimens commonly use a single agent (usually acyclovir); however, given the observations that primary infection may result in higher initial replication of virus, most viral isolates contain a low but measureable amount of acyclovirresistant clones, and immune-compromised patients are more likely to have clinically significant disease with acyclovir-resistant HSV, strong consideration could be given to initial combination treatment when primary infection is suspected in a compromised patient. Although medication toxicities (particularly nephrotoxicity with foscarnet) are of concern with such an approach, pediatric patients, relative to adults, are less likely to have pre-existing underlying renal disease, and this population may better tolerate a combination of acyclovir with foscarnet. A clinical study to test the potential benefit of this approach would be difficult to design and likely to require multicenter cooperation. Given the low toxicity and minimal drug interactions of acyclovir, consideration could also be given to acyclovir prophylaxis in heavily immune-suppressed HSV-seronegative pediatric patients. Alternative antiviral therapy could also be considered. Although cidofovir has demonstrated efficacy in vitro and there are case reports of successful use in vivo [35, 36] , its use may be limited by nephrotoxicity, difficult dosing, questionable penetration into the central nervous system [17] , and unclear efficacy for HSV [37] [38] [39] . Antivirals for HSV with different mechanisms of action than those in current use represent an important medical need [20, 32, 40] .
Lastly, our report highlights the importance of testing isolates for resistance in immune-compromised patients and supports a need for more rapid testing strategies (see [40, 41] ). Sequencing isolates has the advantage of providing rapid results (eg, [18] ), but is limited by lack of a complete understanding of amino acid changes leading to resistance, including the previously undescribed thymidine kinase A93V amino acid change we report here (which may or may not directly lead to acyclovir resistance). Most hospital laboratories are not equipped for phenotypic resistance testing and require samples to be sent to an outside laboratory.
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